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Our primary purpose was to assess sex-speciﬁc fetal growth reduction in newborns exposed prenatally
to ﬁne particulate matter. Only women 18–35 years of age, who claimed to be non-smokers, with
singleton pregnancies, without illicit drug use and HIV infection, free from chronic diseases were
eligible for the study. A total of 481 enrolled pregnant womenwho gave birth between 37 and 43 weeks
of gestation were included in the study. Prenatal personal exposure to ﬁne particles over 48h during the
second trimester was measured using personal monitors. To evaluate the relationship between the level
of PM2.5 measured over 48h in the second trimester of pregnancy with those in the ﬁrst and the third
trimesters, a series of repeated measurements in each trimester was carried out in a random subsample
of 85 pregnant women. We assessed the effect of PM2.5 exposure on the birth outcomes (weight, length
and head circumference at birth) by multivariable regression models, controlling for potential
confounders (maternal education, gestational age, parity, maternal height and prepregnancy weight,
sex of infant, prenatal environmental tobacco smoke, and season of birth). Birth outcomes were
associated positively with gestational age, parity, maternal height and prepregnancy weight, but
negatively with the level of prenatal PM2.5 exposure. Overall average increase in gestational period
of prenatal exposure to ﬁne particles by about 30mg/m3, i.e., from 25th percentile (23.4mg/m3) to
75th percentile (53.1mg/m3) brought about an average birth weight deﬁcit of 97.2 g (95% CI: 201, 6.6)
and length at birth of 0.7 cm (95% CI: 1.36, 0.04). The corresponding exposure lead to birth weight
deﬁcit in male newborns of 189 g (95% CI: 34.2, 343) in comparison to 17 g in female newborns; the
deﬁcit of length at birth in male infants amounted to 1.1 cm (95% CI: 0.11, 2.04). We found a
signiﬁcant interrelationship between self-reported ETS and PM2.5, however, none of the models showed
a signiﬁcant interaction of both variables. The joint effect of various levels of PM2.5 and ETS on birth
outcomes showed the signiﬁcant deﬁcit only for the categories of exposure with higher component of
PM2.5. Concluding, the results of the study suggest that observed deﬁcits in birth outcomes are rather
attributable to prenatal PM2.5 exposure and not to environmental tobacco smoke. The study also
provided evidence that male fetuses are more sensitive to prenatal PM2.5 exposure and this should
persuade policy makers to consider birth outcomes by gender separately while setting air pollution
guidelines.
& 2009 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Over the last few decades there has been growing concern over
the health effects associated with air pollution. The studies were
concerned mainly with increased morbidity and mortality fromchowski).
Y-NC-ND license.respiratory and cardiovascular diseases in adults (Samet et al.,
2000; Pope, 2000; Anderson et al., 2001; Donaldson et al., 2001;
Nel et al., 2001; Briggs, 2003; Pope III and Dockery, 2006). To date,
there have also been a number of studies investigating the
association between air pollution and adverse birth outcomes,
including low-birth weight (LBW), premature births, and intrau-
terine growth retardation, but the evidence for casual association
remains still weak and the conclusions inconsistent (Xu et al.,
1995; Wang et al., 1997; Perera et al., 1998; Ritz and Yu, 1999;
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Fig. 1. One of the participants of the environmental survey wearing the backpack
with personal monitoring samplers for collection of ﬁne particulate matter.
W. Jedrychowski et al. / Environmental Research 109 (2009) 447–456448Loomis et al., 1999; Ritz et al., 2000; Bobak, 2000; Dejmek et al.,
2000; Ha et al., 2001; Lin et al., 2001; Maisonet et al., 2004;
Glinianaia et al., 2004; Lacasana et al., 2005). Our prior studies in
Poland showed that, after controlling for potential confounders,
prenatal exposure to air pollutants were inversely associated with
weight, length and head circumference (HC) at birth (Perera et al.,
1998; Jedrychowski et al., 2004; Choi et al., 2006).
Impact of ambient air pollution on birth outcomes are very
important for public health because birth size of newborns
inﬂuences the chances of survival, perinatal morbidity, and
subsequent health and development of children. Moreover,
impaired fetal growth is a risk factor for a number of adult
chronic diseases. It is believed that these associations arise as a
result of the phenomenon of ‘‘epigenetic programming’’, which
involves persisting changes in structure and function caused by
environmental factors during critical and vulnerable periods of
early development. However, other explanations, including the
operation of genetic factors and programming of certain endo-
crine axes, have also been suggested to explain this observation
(Phillips, 2000; Godfrey and Barker, 2001; Barker, 2004).
Very recent reports suggest that exposure to ambient hazards
may affect boys to a greater extent than girls. Male infants have
higher rates of fetal and neonatal mortality and are more likely to
experience preterm births, congenital anomalies and cerebral
palsy (MacGillivray and Davey, 1985; Brothwood et al., 1986;
Hoffman and Bennett, 1990; Cooperstock and Campbell, 1996;
Stevenson et al., 2000; Zeitlin et al., 2002, 2004; Sheiner et al.,
2004; Jarvis et al., 2005). Male infants are more strongly affected
than female fetuses by prenatal toxic hazards such as lead or
maternal smoking (Zaren et al., 2000; Bellinger et al., 1987). The
reanalysis of the PAMPER study recently performed in Newcastle
upon Tyne over three decades has greatly strengthened the
evidence on signiﬁcant association between prenatal exposure to
air pollutants (black smoke) and birth weight by gender (Ghosh,
2008). Excellent systematic review of various studies regarding
the modiﬁcation effect of gender on the association between air
pollutants and birth outcomes was published by Ghosh et al.
(2007).
Up to now, in epidemiologic studies the gender-speciﬁc effects
of prenatal toxic exposure on fetal growth and development have
not received adequate attention. In statistical analysis of epide-
miologic data, the sex variable has mostly been treated as a
confounder. However, gender differences in toxicology begin at
the embryo stages, are under genetic and hormonal controls, and
affect xenobiotic exposures, metabolism, susceptibility, and
health risk through development, maturation and later life.
Our primary purpose of the study was to assess sex-speciﬁc
fetal growth deﬁcits in newborns exposed prenatally to ﬁne
particulate matter. In contrast to earlier studies we used personal
monitors of PM2.5 in the assessment of integrated indoor/outdoor
exposure to air pollutants during pregnancy. The role of important
maternal biologic and environmental factors such as maternal
anthropometric characteristics, or exposure to environmental
tobacco smoke (ETS) was additionally taken into consideration.Fig. 2. Sampling instruments placed in the backpack of the recruited subjects.2. Material and methods
This study was based on an earlier established birth cohort of children in
Krakow being part of the collaborative project with the Columbia University in
New York. The design of the study and the selection of the population have been
described in detail previously (Jedrychowski et al., 2003). Pregnant women were
recruited from ambulatory prenatal clinics in the ﬁrst and second trimester of
pregnancy. Only women 18–35 years of age, who claimed to be non-smokers, with
singleton pregnancies, without illicit drug use and HIV infection, free from chronic
diseases such as diabetes or hypertension, and residents of Krakow for at least
1-year prior to pregnancy were eligible for the study. Prior to participation, womenread and signed an informed consent. The ethics committee of the Jagiellonian
University approved the study.
Recruited women were interviewed at entry to the study and in the third
trimester to solicit information on demographic data, house characteristics, date of
the last menstrual period (LMP), medical and reproductive history, occupational
hazards, alcohol consumption, and smoking practices of others present in the
home. After participating women had given birth, maternal and child hospital
records were reviewed to obtain data on complications of delivery. Weight, length
and HC at birth were recorded for all infants. Gestational age at birth was deﬁned
as the interval between the last day of the mother’s menstruation (LMP) and the
date of birth. A total of 505 enrolled pregnant women gave birth to their children
between January 2001 and February 2004; however, in the present analysis we
included 481 women who gave birth between 37 and 43 weeks of gestation.2.1. Dosimetry of prenatal personal exposure to ﬁne particles
During the second trimester, a member of the air-monitoring staff instructed
the women in the use of the personal monitor, which is lightweight and quiet and
is worn in a backpack. The womenwere asked to wear the monitor during daytime
hours for 2 consecutive days (Fig. 1) and to place the monitor near the bed at night.
The ﬁeld assistant stressed the point that women should not change their usual
daily activities during air-monitoring procedures.
On the second day of the air monitoring, technical staff person and interviewer
visited the women’s homes to change the battery pack and administer the full
questionnaire. They also checked to see that the monitor had been running
continuously and that no technical or operating failures had occurred. A staff
member returned to the women’s homes on the morning of the third day to pick
up the equipment. A personal environmental monitoring sampler (PEMS) was used
to measure particle mass (Fig. 2). The PEMS is designed to achieve the particle
target size of p2.5mm at a ﬂow rate of 4.0 L/min with an array of 10 impactor
nozzles. Flow rates were calibrated (with ﬁlters in place) before the monitoring
and were checked again with a change of the battery pack on the second day and at
the conclusion of the monitoring. Pumps operated continuously at 2 L/min over the
48-h period. To modify the sampler to achieve the 2.5-mm size cutoff at 2 L/min,
ﬁve of the nozzles were blocked. Particles were collected on Teﬂon membrane
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Table 2
Characteristics of the study subjects.
Total Gender P-value
N ¼ 481 Boys Girls
N ¼ 245 N ¼ 236
W. Jedrychowski et al. / Environmental Research 109 (2009) 447–456 449ﬁlter (37mm Teﬂo; SKC, Inc., Eighty Four, PA, USA). The combination of low-
pressure drop (permitting use of a low-power sampling pump), low hygroscopicity
(minimizing bound water interference in mass measurements), and low trace
element background (improving analytical sensitivity) of these ﬁlters makes them
highly appropriate for personal particle sampling. Dust air samples were analyzed
by J.D.S. and his staff.
In the monitoring period women have spent on average 3h outdoors and 2h in
the public transportation (mostly trams and buses) and those who used the public
transportation had insigniﬁcantly higher level of PM2.5 exposures. Neither time
spent outdoors nor occupational activity over the monitoring period signiﬁcantly
increased the exposure to ﬁne particles in comparison to those who remained at
home.
Analysis of personal air samples from the 481 pregnant women included in
our study showed that PM2.5 exposures averaged 43.8mg/m3, with a median of
35.3mg/m3 and a range of 10.3–294.9mg/m3 (Fig. 3). To evaluate the relationship
between the level of PM2.5 measured over 48 h in the second trimester of
pregnancy with those in the ﬁrst and the third trimesters, a series of repeated
measurements in each trimester was carried out in a random subsample of
85 pregnant women who were recruited in the ﬁrst trimester. The data showed
that the levels of prenatal exposure to PM2.5 measured in the second trimester in
the total study sample were in good agreement with those based on the subsampleFig. 3. Personal exposure to ﬁne particles measured in the second trimester of
pregnancy.
Table 1
Prenatal PM2.5 exposure level (by quartiles) in the second pregnancy trimester
assessed in the total study sample (N ¼ 481) in comparison with the measure-
ments in the subsample of 85 subjects in whom repeated measurements over all
pregnancy trimesters were done.
PM2.5 level Total sample (N ¼ 481) Subsample (N ¼ 85)
1st quartile o23.4 o21.3
2nd quartile 23.5–35.3 21.4–33.2
3rd quartile 35.4–53.1 33.3–49.6
4th quartile 453.1 449.6
Fig. 4. Comparison of PM2.5 measurements in various trimesters (N ¼ 85).data (Table 1). PM2.5 exposure levels over trimesters of pregnancy (measured in
the subsample) somewhat differed between trimesters of pregnancy (Fig. 4);
however, concordance correlation coefﬁcients for PM2.5 measurements in the ﬁrst
and second trimester was 0.28 (95% CI: 0.08–0.49) and that for the second and
third trimester 0.36 (95% CI: 0.16–0.53).
2.2. Statistical methods
The main birth outcomes were weight, length and head circumference at
birth and their associations with exposure were examined by univariate and
multivariate regression models. We constructed several models where exposure toMaternal age
Mean 27.56 27.31 27.82 0.1150
SD 3.588 3.679 3.480
Maternal education level
Elementary n (%) 45 (9.4) 22 (9.0) 23 (9.7) 0.8831
Medium n (%) 123 (25.6) 61 (24.9) 62 (26.3)
Higher n (%) 313 (65.1) 162 (66.1) 151 (64.0)
Mother’s height (cm)
Mean 165.05 165.02 165.07 0.9180
SD 5.490 5.544 5.445
Mother’s weight (kg) (before pregnancy)
Mean 58.23 57.81 58.66 0.2736
SD 8.491 8.577 8.397
Gestational age (weeks) (436 weeks)
Mean 39.54 39.47 39.61 0.2029
SD 1.140 1.189 1.084
Parity
No previous births n (%) 305 (63.4) 157 (64.1) 148 (62.7) 0.6286
1 previous birth n (%) 154 (32.0) 75 (30.6) 79 (32.0)
2 or more previous births 22 (4.6) 13 (5.3) 9 (4.6)
Birth weight (g)
Mean 3445.6 3522.8 3365.5 0.0001
SD 435.02 429.33 427.20
Length at birth (cm)
Mean 54.76 55.19 54.30 0.0002
SD 2.617 2.578 2.584
Head circumference (cm)
Mean 33.91 34.24 33.57 0.0000
SD 1.395 1.349 1.362
ETS prenatal
() n (%) 352 (73.2) 179 (73.1) 173 (73.3) 1.0000
(+) n (%) 129 (26.8) 66 (26.9) 63 (26.7)
PM2.5 (mg/m3)
Mean 43.83 43.45 44.22 0.7924
SD 31.91 31.60 32.28
Season of birth
Spring n (%) 144 (29.9) 74 (30.2) 70 (29.7) 0.9092
Summer n (%) 114 (23.7) 58 (23.7) 56 (23.7)
Autumn n (%) 119 (24.7) 63 (25.7) 56 (23.7)
Winter n (%) 104 (21.6) 50 (20.4) 54 (22.9)
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Table 3
Characteristics of newborns grouped by prenatal PM2.5 exposure level (in
quartiles).
PM2.5 (mg/m3) Total
p23.4 23.5–35.3 35.4–53.1 453.1
Boys N ¼ 58 N ¼ 69 N ¼ 59 N ¼ 59 N ¼ 245
W. Jedrychowski et al. / Environmental Research 109 (2009) 447–456450PM2.5 was treated as continuous (log-transformed) or categorized variables (in
quartiles). First, crude effects were estimated, and subsequently they were
adjusted for confounders (maternal education level, parity, maternal height and
prepregnancy weight, gestational age, sex of infant, prenatal ETS and season of
birth). In the ﬁrst series of multivariable regression models the main exposure
variable (PM2.5) was introduced as log-transformed variable; however, in the
second series of statistical models the exposure variable was categorized by
quartiles. Additionally, we included season of birth in the statistical models
because of its association with exposure and fetal growth. Season of birth was
introduced in the regression models as a dummy variable, with summer deﬁned as
the reference level. The ETS variable was dichotomized into two categories
(exposure absent/present). In all statistical analyses, the signiﬁcance level was set
at po0.05. All statistical analyses have been performed with STATA version 10
software.Birth weight (g)
Mean 3574.0 3543.3 3519.2 3452.0 3522.8
SD 405.76 444.10 441.09 423.81 429.33
Length at birth (cm)
Mean 55.67 55.41 54.86 54.80 55.19
SD 2.550 2.631 2.481 2.598 2.578
Head circumference (cm)
Mean 34.24 34.46 34.14 34.07 34.24
SD 1.393 1.389 1.252 1.350 1.349
Gestational age (weeks)
Mean 39.52 39.41 39.51 39.48 39.47
SD 1.188 1.155 1.120 1.318 1.189
Girls N ¼ 63 N ¼ 52 N ¼ 60 N ¼ 61 N ¼ 236
Birth weight (g)
Mean 3402.5 3395.0 3316.2 3350.7 3365.5
SD 418.20 453.97 429.95 415.05 427.20
Length at birth (cm)
Mean 54.57 54.44 54.15 54.05 54.30
SD 2.388 2.873 2.434 2.692 2.584
Head circumference (cm)
Mean 33.70 33.77 33.42 33.41 33.57
SD 1.410 1.198 1.381 1.419 1.362
Gestational age (weeks)
Mean 39.67 39.69 39.48 39.59 39.61
SD 1.000 1.112 1.157 1.086 1.0843. Results
Male newborns were signiﬁcantly heavier (3522.8 vs.
3365.5 g), longer (55.2 vs. 54.3 cm) and had greater HC (34.2 vs.
33.6 cm) than females. Neither maternal characteristics nor level
of PM2.5 exposure differed between the gender groups (Table 2).
We observed an overall inverse trend for each birth outcomes
with increasing PM2.5 level (in quartiles); trend for birth-weight
z ¼ 178, p ¼ 0.076; for length at birth z ¼ 2.72, p ¼ 0.007; for
HC z ¼ 1.90, p ¼ 0.058. In male newborns there was more
pronounced shift to the lower end of the distribution of birth
outcomes. Fig. 5 presents changes in the distribution curves of
birthweight in male newborns exposed to various prenatal PM2.5
exposure levels (in quartiles). Similar ﬁndings have been recorded
in males for length and head circumference at birth. Male
newborns of mothers with higher exposures to ﬁne particles
(above 53.1mg/m3) showed signiﬁcant lower birth weight by 122g
(p ¼ 0.025), shorter length at birth by 0.9 cm (p ¼ 0.063) and
smaller HC by 0.7 cm (p ¼ 0.008) in comparison to the lowest
exposure category (Table 3). The corresponding differences in girls
were not signiﬁcant 51.8 g (p ¼ 0.496), 0.52 cm (p ¼ 0.257) and
0.3 cm (p ¼ 0.240).
In subsequent statistical analysis, we used multivariable
regression models to examine the association between birth
outcomes and prenatal exposure (Tables 4–6). For each birth
outcome, we constructed a separate model where independent
variables included maternal characteristics, gestational age, sex of
child, season of birth, ETS and PM2.5 (log-transformed). Birth
outcomes were associated positively with gestational age, parity,Fig. 5. Kernel density of birth weight in male imaternal height and prepregnancy weight, but negatively with
the level of prenatal PM2.5 exposure. While in all regression
models the effect of ETS was insigniﬁcant, regression coefﬁcientsnfants by the quartiles of PM2.5 exposure.
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Table 4
Estimated birthweight deﬁcit due to prenatal PM2.5 exposure (log-transformed) in
the total study sample (N ¼ 481) based on the multivariable linear regression
models including a set of modifying and confounding variables (multiple
R2 ¼ 0.28).
Coeff. t P4t (95% conf. interval)
Maternal education level
Medium 58.5 0.86 0.390 192.1 75.1
Higher 16.0 0.25 0.801 140.1 108.2
Parity
One previous birth 139.9 3.70 0.000 65.6 214.2
Two previous
births or more
125.5 1.51 0.132 37.9 289.0
Gender of child 185.4 5.38 0.000 253.0 117.7
Gestational age
(weeks)
136.8 9.04 0.000 107.1 166.5
Season of birth
Spring 18.7 0.37 0.708 79.5 116.9
Autumn 64.7 1.31 0.190 161.6 32.3
Winter 54.0 1.05 0.296 47.4 155.4
Maternal height
(cm)a





71.2 4.31 0.000 38.8 103.7




155.9 2.03 0.043 307.2 4.7
Intercept 1970.0 3.16 0.002 3195.5 744.5
a In quartiles.
Table 5
Estimated deﬁcit of length at birth due to prenatal PM2.5 exposure (log-
transformed) in the total study sample (N ¼ 481) based on the multivariable
linear regression models including a set of potential modifying and confounding
variables (multiple R2 ¼ 0.28).
Predictors Coeff. t P4t (95% conf.
interval)
Maternal education level
Medium 0.22 0.51 0.607 1.06 0.62
Higher 0.12 0.29 0.770 0.90 0.67
Parity
One previous birth 0.48 1.99 0.047 0.01 0.94
Two or more previous births 0.95 1.80 0.072 0.09 1.98
Gender of child 1.01 4.65 0.000 1.44 0.58
Gestational age (weeks) 0.69 7.18 0.000 0.50 0.87
Season of birth
Spring 0.01 0.02 0.987 0.61 0.62
Autumn 0.32 1.03 0.303 0.93 0.29
Winter 0.22 0.68 0.498 0.42 0.86
Maternal height (cm)a 0.37 3.47 0.001 0.160 0.58
Maternal weight before pregnancy (kg)a 0.30 2.87 0.004 0.09 0.50
Prenatal ETS 0.41 1.59 0.112 0.92 0.10
Prenatal PM2.5 (log-transformed) 1.24 2.55 0.011 2.19 0.28
Intercept 28.57 7.26 0.000 20.84 36.30
a In quartiles.
Table 6
Estimated deﬁcit of head circumference at birth due to prenatal PM2.5 exposure
(log-transformed) in the total study sample (N ¼ 481) based on the multivariable
linear regression models including a set of potentially modifying and confounding
variables (multiple R2 ¼ 0.19).
Predictors Coeff. t P4t (95% conf. interval)
Maternal education level
Medium 0.11 0.49 0.623 0.34 0.57
Higher 0.11 0.50 0.614 0.31 0.53
Parity
Second 0.53 4.12 0.000 0.28 0.78
Third or more 0.66 2.33 0.020 0.10 1.21
Gender of child 0.72 6.18 0.000 0.95 0.49
Gestational age˛ (weeks) 0.24 4.75 0.000 0.14 0.34
Season of birth
Spring 0.12 0.70 0.485 0.21 0.45
Autumn 0.04 0.27 0.789 0.28 0.37
Winter 0.05 0.29 0.776 0.29 0.39
Maternal height (cm)a 0.16 2.73 0.006 0.04 0.27
Maternal weight (kg)a 0.19 3.37 0.001 0.08 0.30
Prenatal ETS prenatal 0.12 0.86 0.391 0.39 0.15
Prenatal PM2.5 (log-transformed) 0.53 2.03 0.043 1.04 0.02
Intercept 24.3 11.49 0.000 20.14 28.44
a In quartiles.
Table 7
Estimated birth weight deﬁcit due to prenatal PM2.5 exposure (in quartiles) in the
total study sample (N ¼ 481) based on the multivariable linear regression models
including a set of potential modifying and confounding variables (multiple
R2 ¼ 0.28).
Predictors Coeff. t P4t (95% conf. interval)
Maternal education level
Medium 62.9 0.92 0.358 197.1 71.3
Higher 17.0 0.27 0.788 141.3 107.3
Parity




132.4 1.59 0.113 31.5 296.3
Gender of child 181.6 5.25 0.000 249.5 113.7
Gestational age
(weeks)
137.4 9.08 0.000 107.7 167.1
Season of birth
Spring 19.8 0.40 0.689 77.34 116.9
Autumn 66.1 1.34 0.181 163.1 30.9
Winter 60.1 1.16 0.246 41.70 162.0
Maternal height
(cm)a





70.0 4.23 0.000 37.5 102.5
Prenatal ETS 46.5 1.13 0.257 127.0 34.0
Prenatal PM2.5
a
Q2 13.1 0.27 0.790 83.2 109.3
Q3 69.5 1.41 0.159 166.4 27.3
Q4 97.2 1.84 0.066 201.0 6.6
Intercept 2205.0 3.62 0.000 3401.5 1008.6
a In quartiles.
W. Jedrychowski et al. / Environmental Research 109 (2009) 447–456 451for birth outcomes and PM2.5 were signiﬁcant (for birth
weight ¼ 155.9, p ¼ 0.043), for birth length ¼ 1.24, p ¼ 0.011)
and for HC ¼ 0.53, p ¼ 0.043).
Tables 7–9 show the relationship between birth outcomes and
PM2.5 categorized in quartiles of exposure. As before, birth
outcomes were associated positively with gestational age, parity,height and maternal prepregnancy weight, but negatively with
the level of prenatal PM2.5: the regression coefﬁcient for birth
weight at 4th quartile of PM2.5 was 97.2 (p ¼ 0.066), for length at
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Table 8
Estimated deﬁcit of length at birth due to prenatal PM2.5 exposure (in quartiles) in
the total study sample (N ¼ 481) based on the multivariate linear regression
models including a set of modifying and confounding variables (multiple
R2 ¼ 0.21).
Predictors Coeff. t P4t (95% conf.
interval)
Maternal education level
Medium 0.23 0.53 0.594 1.08 0.62
Higher 0.10 0.25 0.799 0.89 0.68
Parity
One previous birth 0.51 2.13 0.034 0.04 0.98
Two or more previous births 0.98 1.86 0.063 0.05 2.02
Gender of child 0.99 4.52 0.000 1.42 0.56
Gestational age (weeks) 0.69 7.22 0.000 0.50 0.88
Season of birth
Spring 0.02 0.06 0.949 0.63 0.59
Autumn 0.33 1.04 0.297 0.94 0.29
Winter 0.25 0.75 0.452 0.40 0.89
Maternal height (cm)a 0.39 3.59 0.000 0.17 0.60
Maternal weight before pregnancy (kg)a 0.29 2.79 0.006 0.09 0.50
Prenatal ETS 0.45 1.73 0.084 0.96 0.06
Prenatal PM2.5
Q2 0.04 0.11 0.910 0.57 0.64
Q3 0.53 1.70 0.089 1.14 0.08
Q4 0.70 2.10 0.036 1.36 0.04
Intercept 26.70 6.94 0.000 19.14 34.25
a In quartiles.
Table 9
Estimated deﬁcit of head circumference at birth due to prenatal PM2.5 exposure (by
median) in the total study sample (N ¼ 481) based on the multivariable linear
regression models including a set of potentially modifying and confounding
variables (multiple R2 ¼ 0.20).
Predictors Coeff. t P4t (95% conf.
interval)
Maternal education level
Medium 0.11 0.47 0.636 0.34 0.56
Higher 0.12 0.54 0.589 0.30 0.53
Parity
One previous birth 0.55 4.29 0.000 0.30 0.80
Two or more previous births 0.68 2.40 0.017 0.12 1.23
Gender of child 0.71 6.10 0.000 0.94 0.48
Gestational age (weeks) 0.25 4.79 0.000 0.15 0.35
Season of birth
Spring 0.11 0.69 0.490 0.21 0.44
Autumn 0.04 0.25 0.805 0.28 0.37
Winter 0.07 0.39 0.698 0.28 0.41
Maternal height (cm)a 0.16 2.85 0.005 0.05 0.28
Maternal weight before pregnancy (kg)a 0.19 3.31 0.001 0.08 0.30
Prenatal ETS 0.13 0.96 0.336 0.40 0.14
Prenatal PM2.5 (by median) 0.31 2.49 0.013 0.56 0.07
Intercept 23.55 11.45 0.000 19.51 27.59
a In quartiles.
Table 10
Deﬁcit in birth outcomes estimated separately in boys and girls due to prenatal
PM2.5 exposure (log-transformed) and prenatal ETS
Variables Coeff. t P4t 95% Conf. interval
Birth weight (boys)
ETS 5.5 0.09 0.925 120.2 109.2
PM2.5 (log) 257.7 2.28 0.024 480.7 34.6
Birth weight (girls)
ETS 80.3 1.35 0.178 197.4 36.8
PM2.5 (log) 67.8 0.62 0.533 281.5 146.0
Length at birth (boys)
ETS 0.29 0.81 0.418 1.01 0.42
PM2.5 (log) 1.62 2.30 0.022 3.01 0.23
Length at birth (girls)
ETS .056 1.48 0.141 1.31 0.19
PM2.5 (log) 0.75 1.08 0.282 2.11 0.62
Head circumference (boys)
ETS 0.16 0.84 0.399 0.54 0.22
PM2.5 (log) 0.68 1.80 0.073 1.42 0.07
Head circumference (girls)
ETS 0.12 0.59 0.553 0.53 0.28
PM2.5 (log) 0.41 1.08 0.282 1.15 0.34
Based on the multivariate regression models including a set of confounding
variables (maternal education, parity, gestational age, maternal height, maternal
weight before pregnancy and season of birth).
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PM2.5 (dichotomized by median) was 0.31 (p ¼ 0.013).
Multivariable models performed for log-transformed PM2.5
exposure separately for each gender strata (Table 10) showed the
signiﬁcant deﬁcit in all birth outcomes associated with prenatal
PM2.5 exposure only in boys (regression coefﬁcients for birth
weight 257.7, p ¼ 0.024; for length at birth 1.62, p ¼ 0.022; and
for HC 0.68, p ¼ 0.073).Similar statistical analysis performed for quartiles of PM2.5
exposure (Table 11) demonstrated also signiﬁcant deﬁcit in boys
at 4th quartile of PM2.5 (beta coefﬁcients for birth weight ¼
188.6, p ¼ 0.017; for length at birth ¼ 1.07, p ¼ 0.029; and for
HC (PM2.5 dichotomized by median) ¼ 0.34, p ¼ 0.051). The
exposure effect in female newborns for all birth outcomes was
very far from the signiﬁcance level.4. Discussion
Analysis of personal air samples collected from pregnant
residents of Krakow showed that PM2.5 median exposure averaged
35.5mg/m3 with a wide range of concentrations between 10.3 and
249.9mg/m3. The PM2.5 level in the Krakow inner city was very
high compared with data from the United States, where the range
of annual mean for PM2.5 measured in various sites was between
1.2 and 14.2mg/m3 (EPA, 2003). However, the PM2.5 exposure
observed in Krakow would be comparable with that observed in
the Czech Republic, where the daily mean was 35.6mg/m3
(Dejmek et al., 2000). Up to 17.5% of our study subjects
was exposed to ﬁne particle levels above the EPA guidelines
(65.0mg/m3) for daily exposure (EPA, 2004) and 28.9% to levels
above the WHO standards (50mg/m3) (WHO, 2005).
The analysis of birth outcomes in our study documented a
signiﬁcant inverse association between prenatal exposure to ﬁne
particles and several measures of fetal growth. The adjusted effect
of exposure to PM2.5 was reﬂected in signiﬁcantly lower mean
weight, length and HC of newborns. Overall average increase in
gestational period of prenatal exposure to ﬁne particles by about
30mg/m3, i.e., from 25th percentile (23.4mg/m3) to 75th percen-
tile (53.1mg/m3) brought about an average birth weight deﬁcit
of 97.2 g (95% CI: 201, 6.6) and length at birth of 0.7 cm
(95% CI: 1.36, 0.04). Power of our study was sufﬁcient to
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Table 11
Deﬁcit in birth outcomes estimated separately in boys and girls due to prenatal
PM2.5 exposure (by quartiles) and ETS.
Variables Coeff. t P4t (95% conf. interval)
Birthweight (boys)
Prenatal ETS 14.6 0.25 0.805 131.1 101.8
PM2.5 Q2 14.6 0.21 0.831 149.9 120.6
Q3 90.4 1.26 0.208 231.7 50.8
Q4 188.6 2.41 0.017 343.0 34.2
Birthweight (girls)
Prenatal ETS 74.8 1.23 0.220 194.6 45.1
PM2.5 Q2 25.3 0.35 0.729 118.1 168.6
Q3 49.0 0.69 0.493 189.9 91.8
Q4 17.0 0.23 0.821 164.8 130.8
Length at birth (boys)
Prenatal ETS 0.31 0.85 0.397 1.04 0.42
PM2.5 Q2 0.22 0.51 0.613 1.06 0.63
Q3 0.86 1.92 0.056 1.75 0.02
Q4 1.07 2.19 0.029 2.04 0.11
Length at birth (girls)
Prenatal ETS 0.55 1.41 0.161 1.31 0.22
PM2.5 Q2 0.25 0.54 0.591 0.66 1.16
Q3 0.22 0.47 0.636 1.11 0.68
Q4 0.36 0.76 0.448 1.31 0.58
Head circumference at birth (boys)
Prenatal ETS 0.23 1.19 0.237 0.61 0.15
PM2.5 by median level 0.34 1.96 0.051 0.69 0.01
Head circumference at birth (girls)
Prenatal ETS 0.10 0.48 0.631 0.51 0.31
PM2.5 (by median level) 0.29 1.46 0.146 0.67 0.10
Based on the multivariable regression models including a set of confounding
variables (maternal education, parity, gestational age, maternal height, maternal
weight before pregnancy and season of birth).
Table 12
Adjusted deﬁcits in birth outcomes due to the joint prenatal PM2.5 exposure (by
median) and ETSa.
Coeff. t P4t (95% conf. interval)
Birthweight
2. PM2.5435.3mg/m3 88.5 2.09 0.037 171.77 5.25
ETS absent
3. PM2.5X35.3mg/m3 33.4 0.56 0.577 151.04 84.22
ETS present
4. PM2.5 435.3mg/m3 144.1 2.70 0.007 249.21 39.07
ETS present
Length at birth
2. PM2.5 435.3mg/m3 0.48 1.80 0.073 1.00 0.04
ETS absent
3. PM2.5p35.3mg/m3 0.18 0.48 0.630 0.92 0.56
ETS present
4. PM2.5 435.3mg/m3 1.17 3.49 0.001 1.83 0.51
ETS present
HC at birth
2. PM2.5 435.3mg/m3 0.19 1.34 0.181 0.47 0.09
ETS absent
3. PM2.5p35.3mg/m3 0.16 0.80 0.423 0.23 0.56
ETS present
4. PM2.5 435.3mg/m3 0.57 3.18 0.002 0.93 0.22
ETS present
Estimates based on the multivariable regression models including a set of
confounding variables (maternal education, parity, gestational age, gender of
child, maternal height, maternal weight before pregnancy and season of birth).









Estimates of effect compared with the lowest category of the
joint exposure (1).
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regression models (assuming a ¼ 0.05, seven independent vari-
ables and 2% added amount to the overall R2 by the exposure
variable) was found for the sample size of even 400 subjects.
Moreover, our study provided an evidence that the effect of
prenatal exposure to ﬁne particles was differential across the
gender groups, with male fetuses appearing to be more suscep-
tible to the exposure than female ones. Though we did not ﬁnd a
signiﬁcant interaction between PM2.5 level and gender but
stratiﬁed analysis yielded very clear differential exposure effects
on fetal growth of males and females. Overall average increase in
pregnancy of exposure to ﬁne particles by about 30mg/m3 lead to
birth weight deﬁcit in male newborns of 189 g (95% CI: 34.2,
343) in comparison to 17g in female newborns; the correspond-
ing deﬁcit of length at birth in male infants amounted to 1.1 cm
(95% CI: 0.11, 2.04) as compared with 0.4 cm in female infants.
Despite the substantial difference in the study design,
measurement techniques of prenatal exposure to air pollutants
and statistical treatment of data our results are consistent with
observations from the PAMPER study recently published by
Ghosh et al. (2007). The latter study has been based on 109,086
singleton births from the city of Newcastle upon Tyne in England,
where outdoor measured black smoke has been found to have a
signiﬁcant adverse effect across gender groups. For an increase, in
whole pregnancy average exposure from 1st percentile (8mg/m3)
to 75th percentile (108mg/m3) birth weight was reduced by 70 g.
For low-birth weight infants, a similar increase in wholepregnancy exposure was found to increase the odds ratio from
1.0 to 1.5. A comparable relationship was observed for second
trimester but not for the ﬁrst or third trimester exposure. The
author found that male infants were at an increased risk of low-
birth weight from black smoke exposure compared to females. A
small negative risk between third trimester black smoke exposure
and preterm birth weight was observed only at exposures
4200mg/m3 and males remained vulnerable for a longer period,
from week 5 to week 37, compared to females, for whom
a signiﬁcant effect was observed only between week 13 and
week 33.
We found a signiﬁcant positive interrelationship between self-
reported ETS level (number of cigarettes smoked daily at home)
and total personal exposure to PM2.5 (Spearman r ¼ 0.23,
p ¼ 0.001). This interrelationship creates difﬁculties in separating
the effect of ETS on the birth outcomes from that attributed to ﬁne
particles. However, none of the models with both ETS and PM2.5
showed a signiﬁcant interaction between these variables
and stepwise regression indicated that adding the ETS variable
into the models did not explain better the amount of variability
in birth outcomes. Moreover, adjusted joint effects of the
various levels of PM2.5 (by median) and ETS on birth outcomes
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categories with higher component of PM2.5 (Table 12). These
ﬁndings may suggest that observed deﬁcit of birth outcomes has
to be attributed rather to PM2.5 components than ETS. The
harmful impact of ETS conﬁrmed in many previous studies may
result from its interrelationship with ﬁne particles and in studies
where birth outcomes were not controlled for PM2.5 level, the
effect of ETS could be demonstrated.
The biological mechanisms whereby PM2.5 might cause
adverse pregnancy outcomes are yet unclear. PM2.5 might be a
proxy measure of a whole complex of toxic agents present in the
environment—including PAHs—that could adversely affect fetal
growth. Fine particles are always present in particle-generating
processes, especially combustion processes that generate other
toxic agents as well. Typically, the ambient ﬁne particle fraction
contains constituents of tobacco and wood smoke, organic
compounds, sulfates, metals, and soot (Spengler et al., 2001).
Therefore, it would be reasonable to assume that PM2.5 represents
a wide spectrum of environmental hazards that may be
implicated in intrauterine fetal growth reduction.
The effect of any pollutants may be mediated through maternal
conditions leading to placental dysfunction and affecting fetal
growth. On the other hand, the toxic components present in the
maternal circulation can cross the placenta and directly affect the
fetus (Khong et al., 1986; Roberts et al., 1991; Guyda, 1991;
Duvekot et al., 1995; Zhang et al., 1995; Edwards et al., 2000;
Ghidini and Salaﬁa, 2005). Development of fetus proceeds in a
sequence of carefully timed events that progress from the cellular
level to the formation of tissues, organ systems, and morphologic
structures and alterations at any level may permanently change
developmental processes. The initial adverse effects of toxic
environmental agents on a developing organism occur at the
molecular level. PAH compounds adsorbed to air particles may
well explain an adverse effect of ﬁne particulate matter on fetal
growth. Transplacental exposure to polycyclic aromatic hydro-
carbons (PAHs) from maternal inhalation of PAHs can produce
cytotoxic reactive oxygen species that ultimately induce inﬂam-
matory and oxidant stress responses (Donaldson et al., 2003) and
disruptions to both the endocrine and the nervous systems. High
exposure near to the end of gestation may cause disturbances of
the pituitary-adrenocortico-placental system (Wilhelm and Ritz,
2003), with possible anti-estrogenic effects which may lead to a
fetal toxicity (Bui et al., 1986). Formation of PHA-adducts may
induce the activation of the apoptosis (Wood and Youle, 1995) or
the binding to receptors of placental growth factors, resulting in
the decreased exchange of oxygen and nutrients (Dejmek et al.,
2000). In this context we have to refer to ﬁndings published by
Perera et al. (1998, 2003, 2004) who reported that infants with
higher PAH-DNA adducts levels measured in cord blood were
inversely correlated with weight, length and head circumference
at birth compared to infants with lower PAH-DNA adducts.
Sex-speciﬁc biological mechanisms responsible for the effect of
particulate matter on the fetus are not clear so far and there may
be more than one mechanism acting together. Besides PAHs,
carbon monoxide (CO) is one of ambient pollutant that may
mediate the effect of air pollution on fetal growth. As a
consequence of acute or chronic exposure CO binds with
hemoglobin and diminishes the provision of oxygen in the uterus
and consequently reduces the availability of oxygen to the fetus.
Differential effect of CO on male fetuses can result from the fact
that they have a higher growth rate and require more oxygen than
female fetuses (Parker et al., 1984; Bukowski et al., 2006; Spinillo
et al., 1994).
Another potential mechanism may involve the hematologic
changes caused by air pollution. Particles inhaled in pregnancy
may lead to alveolar inﬂammation in mother and the release ofmediators of inﬂammation capable of increasing blood viscosity
and coagulability (Zondervan et al., 1987; Knottnerus et al., 1990),
and this in turn may have negative impact on umbilical and
placental blood ﬂow and the supply of oxygen and nutrients to the
fetus (Seaton et al., 1995; Peters et al., 1997). There are
speculations that increased blood viscosity may have a more
pronounced effect on the placenta of male fetuses because
placental dysfunction is more frequently observed in male than
female births (Edwards et al., 2000; Ghidini and Salaﬁa, 2005).
At a later pregnancy stage the mediators of inﬂammation may
cause placental inﬂammation and consequently reduce placental
transfer of nutrients. It is possible that male fetuses are
particularly vulnerable to intrauterine infections because their
amniotic membranes are more prone to infection, which is
probably due to slower immunologic development of male fetuses
(Hall and Carr-Hill, 1982; Perni et al., 2005). Moreover, shorter
placental delivery of nutrients puts male fetuses in a disadvanta-
geous position since they have a higher growth rate and greater
demands for the supply of nutrients than females (Parker et al.,
1984; Bukowski et al., 2006).
A strength of our study is the design which enabled us to limit
measurement error in estimating prenatal exposure to ﬁne
particles by assigning a personal exposure level to each child.
The personal monitoring of ambient PM2.5 exposure is a highly
relevant measure of individual exposure incorporating outdoor
and indoor exposures. Good agreement between the PM2.5
measurements in the second and the ﬁrst and third trimesters
of pregnancy supports our view that the measurements of ﬁne
particles in the second trimester was a reﬂection of exposure level
over other pregnancy periods. Previous studies have attempted to
quantify the concentration of air pollutants measured in the
residence area and assign these exposure values to the study
subjects. Estimating individual average exposures during speciﬁc
gestational months by relying on the ambient air-monitoring
stations even close to the maternal residence may result in
exposure misclassiﬁcation. Furthermore, in our study important
potential confounders of the relationship between prenatal
ambient risk factors and the birth outcomes of infants, such as
chronic diseases of mothers or maternal active tobacco smoking,
have been removed through entry criteria.
Summing up, the results of our study demonstrated that
prenatal exposure to PM2.5 produced a biological effect in terms of
birth outcome deﬁcits at relatively low exposure level and that
this effect was independent from that associated with prenatal
ETS and other confounders. The results of the study added
evidence that male fetuses are more sensitive to prenatal PM2.5
exposure than female fetuses and this should persuade policy
makers to consider the effect of prenatal exposure by gender
strata while setting air pollution guidelines.Acknowledgments
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